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1. INTRIDUCTION
1.1 b jectives

Exposed saterials on high speed vehi-
cles such as supersonic aircraft znd ruckets can
be substantially ercded by the water or ice par-
ticlez of clouds. Engineering tests of various
materials suggest that the mass density of
hydrometeors is the most significant meteorc-
logiral perameter related to erosion. Cloud miss
dunsity however is not measured routinely, and
it is difficult 1o model the ratiative proper-
ties observed by satellites for ice particlas
with varying shapa, size and nuwmber concentration.
Therefore, radiation data from satellites have
baen compared to simultaneous cloud maasusiz_ nts
by aircraft underflights. A variety of cloud
corditions including nimbostratus, stratocumulus
and cirrus have been sampled over mid-latitudes
of the USA during winter and spring months and
analyzed with the infrared (IR) ané visible mea-
suremants from NOAA satellites. Radiances at
12--15 pUm measured by Vertical Temperature Pro-
file Radiomster (VTPR) instruments are combined
with known temperature profiles in order to
estivate cloud altitude ané infrared (IR) trans-
missivit/. Broadband visible and IR window mea-
surements taken by the Scanning Radiometers on
boerd the same sateliites are empirically related
to total cloud thickness and maas.

1.2 Raiated Studies

Satellite measurements of radiance
at 8 to 12 Um are frequently used to estimate
clowd altitude. The measured radiances are con-
verted to the temperatures of a blackbody,
weighted over the spectral interval ¢! the sen-~
sor, and along with a temperature altitude rela-
tion, vsed to estimate cloud altitude. The
altitudes are often underestimated when satellites
view cirriform clouds. Both theory and experi-
mant have shown that cirriform clouds may be
samitransparent to terrestrial radiation.
Jacokowite (1970) found that msasuremsnts of
upwelling radiation in the 15 um band of CO,
could be used to ustimate the optical depth of
cirriform clouds, provided that the vertical
profile of atmospheric temperaturs waz known and
that cirriform clouds were the only cloude
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viewed by the satellite. Bunting and Conover
(1974) extended the ura of VIPR radiances to
estimate both cloud altitude and transmissivity.
Results of applicatirn of this model to field
measurenents of cirriform and other clouds are
presented in Section 3.

m™-~oretical studies have simulatzz2
the radiutive properties of clouds. Extensive
calculations have been made for many spectral
regions, primarily using Mie theory to csiculate
scattering, ahgorption, and emission for spheri-
cal cloid particles. Sumsmaries of results are
available (Dsirwmendjian, 1969), (Mosher, 1974),
and the form of these results is instcuctive.
For instance, chlculations for IR show that
water clouds are aifective absorbers of infrared
radiation while thin cirrus clouds are semiirans-
parent. Calculationy in the visible by Twomey,
Jacobowitz, and Howel. (1967) and others show
that cloud reflectance increases with increasing
cloud depth approaching an asymptotic limit at
less than 100 vercent reflectance. In addition,
satellita measurements of re’lected sunlight have
been related to observed cloud thickness by
Reynclds and Vonder Hear (1972), Griffith and
Woodiey (1973}, and others, and they conclude
that the thickeat clouds appear the brightest.

Although calculations of sunlight
~cattered by clouds suggest the general form of
relntionships between cloud mass and thickness
and roflectivity in the visible, direct observa-
ticnn weze necessary dus to serious limitations in
the calculatiors. Scattering models genarally
uas a uniform distribution of cloud particles
throughout the cloud, and vary the thickness of
tte cloud. Thin assumption is probably reasonable
for thin c’~uds such as stratocumulus or cirro-
s:ratur, but is nct consistunt with cloud par-
ticle neasurements in derv, precipitating clouds.
“hase same models also assume tnat all particles
have a simple shape, spherical or cylirdrical
(Liou, 1972). This assumption is probably valid
for some thin clouds, but is incorrect for deep
clouds which may contain ice fragments, aggregates,
grauvel, rimad particles, dendrites or other
irregularly shaped particles. These uncertainties
of shape make it difficult to calculate phase
functions for s.ngle scattering, leaving aside
the enormous additional complications of multiple




b e gE S e ses eSS
3

.

scattering. Near cloud edges, consideration
must be given to scattering out the sides of the
cloud (McKee and Cox, 1975). The scattering
models must also account for a small amount of
absorption of visible light by cloud particles
and gases, and the reflacting properties of the
underlying surface must be included. The most
serious difficulty in a theoretical approach is
the need to guess at the particle size distri-
bution of the cloud ard consider major varia-
tions with altitude.

2. OBSERVATIONS
2.1 Satellite Duta

The satellite instruments used in
this study are the Vertical Temperature Profile
Radiomsters (VIPR) and Scannirg Radiometers (SR)
on board the NOAA ITO8 series of satcllites.

The VIPR instruments meazsure
radiance for narrow spsctral intexvr.s in the
12-15 um absorption band of CO;. Tae VIPR
radiances of bands 4, 5, 6, and 8 ars used herc.
Spactral characteristics of these bands are
given in Table 1. The horizontal resolution of
VIPR measurements is about 70x70 km at the
satellite subpoint. The instruszent is described
in more detail by McMillin et a) (1973).

Table 1
Characteristics of typical VIPR bands

Band Number 4 5 6 8

Wavenuwber (cm™1) 708.7 723.6 746.7 833.7
Wavelength {(um) 14.2  13.8% 13.4 12.0
Peak of Typical
Weighting Punction

[ 469 623 934 |PC

The B8R instruments are broadband
sensors vhich simultaneously detect both visible
{.5 to .7 um) and IR window (10 to 12 um)
radiation, 8Since the NOAA spacecraft are sun-
synchronous polar-orbiting satellites, simul-
taneous IR and vis’ble measurements are available
once per day at 0900 to 1000 local tims for mid-
latitudes in the Northern Hemisphere. Details
of the scanning radiometer data archive have
been described by Conlan (1973) and by Bunting
and Conover (1976 a). Horizontal resclution of
the archived S8R data is about 10x1C km for both
visible and IR.

The archives of visible data are
normalized for solar zenith angls, However,
inconsiatencies ia brightness are ofton noted at
the swath edges hetwesn satsllite passes. An
attempt was made to reduce thess irregularities
by implementing the bi-Airectional reflactance
model of Sikula and Vonder Haar (1972}, Purther
details of the application are described in a
technical report (Bun’ing and Conover, 1976 a}.
Ohazrvations in the IR array are less sensitive
to viewing geometry and have not been normalized.
The archive for IR includes a small vorrestion
for limb darkening due to water vapor absorption.
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2.2 Aircraft Data

A series of simultansous measure-
ments of clouds by satellites and aircraft began
in January 1974. At the approximats time of the
satellite pass, an aircratt equipped with cloud
physics instrusentation descended from 10 km
altitude in a spiral of diameter 35 km ic a des-
cent rate of 0.3 km min™1 (1000 ft min~l) to 0.3
km or as low as air traffic control wculd permit.
A variety of probes was available, including a
“snow stick” for visual flentification of crystal

habit and =ize, J-W iésuid water sensor, c¢c/m-
tinuous formvar replicator, cloud scene cameras,

and Particlc Measuring System l-D spectrometers.
A flight dirsctor obs: ved the altitudes of cloud
tups and bases, estimated cloud tops when clouds
ware above the maximum ceiling of the aircraft,
estimated the fractional coverage of cloud layers,
noted optical effects such as halos, and des-
cribed particles intercepted by the snow stick.
Supporting data included raingauge records, radar
PPI scope photographs, GEOS satellite imagerv,
and temperaturus from neirby radiosondes. The
aircraft information was used to ostimate cloud
mass as a function of altitude averaged over a
horisontal areas of about 70x70 km., The horizon~
tal area for cloud mass estimite was matched to
a set of VIPR x asurements.

The problem of matching the satellite
and aircraft msasursments is compounded by the
fact that the satellite measurements are sensitive
to clouds at all altitudes, but are recorded over
a large horizontal scale in only 10 seconds or
less. If the aircraft loiters at one altituds
to get a better estimute of cloud mass, clouds
at a lcwer altitude may advact or change before
the aircraft descends to sample them. The
sounding schedule was therefore a compromise so
that a sounding could be completed in about 30
minutes. In some instances ~loud layers were
sarpled for periods shorter than optimm, In
all cases, the highest clouds were sampled
closest to the satellite pass time. Dua to the
requircaent for rapid sampling and the fact that
aircraft instruments occasionally malfunctioned,
cloud mass profiles were not determined strictly
from particle counts on instruments. All data,
including surface radar and rainfall data, were
carefully integratad to generate a profile that
was considrred the bast possible estimate over
the entire 70x70 km squara at the time of
satellite cbservation.

3. RESULTS

3.1 Cloud Aititude and Transmissivity
from IR founder Radiances

A methed of estimating cloud altitude
and tzansmissivity from IR sounder radiances has
boen described by Bunting and Conover (1974).

The ordinary application of the soundex is an
inversion of the radiances for clear or partly
cloudy areas to estimats the vertical temperature
profile. However, cloud altitude and trans-
missivity can be estimated from these ¢ dserved
radiances if the tomperature profile ia known.
For a particular gounder channel. the radiance, I,
observed by the satellite can be estimated fyom:
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I= (BT, + /S g 8, 4T) T¢
{1)
+ (Bp1,) (1 - 7o) + f: B, dt

vwhere B is the Planck radiance (a function of
temperature and wavenumber), S stands for sur-
face, C for cloud, A for air. T, is the tranc-
misgivity of air between a pressure level and
the satellite (a function of wavenumber), and
Tc is the cloud transmissivity.

Yor cases when clouds were viewed
by VIPR instruments T, was calculated at 40
levels from the surface to 200 mb. Equation (1)
was apnlied to the four bands listed in Table 1
for 39 cloud altitudes and ten cloud tranc-
missivities between 0.0 and 0.9. The calculated
radiances were compared with the zatellite
observed radiances allowing for an uncertainty
of + 2.0 mhn2sr™1 cm, which is about 2 to 5%
of the radiance. Model clouds were sought
which satisfied all four spectral regions. 1If
none were found within the limits of + 2.0, the
limits were increased to + 3.C, + 4.0, etc. 1If
the permitted model clouds varied in trans-
niasivity, the clouds with the lowest trans-
nissivity were chosen. If no clouds weze found
with transmissivities of 0.1 or 0.0, an uncer-
tainty of + 1.0 was attespted. This procedure
was established by trial an® error and found to
give good estimates of cloud altitudes for cirrus
clouds without overestimating the altitudes of
lower clouds.

A comparison of observed cloud top
altitudes to altitudes prsdicted by the 4 band
overlap is given in Figure 1. Obsexvations
match the predictions for both high and low
cloud topa, with the exception of some cases of
cirrus ahove middle cloud. Cases of low :lcuds,
niddle clouds and thick cloud systems without
isolated cirrus, as wsll as cases of cirrus
alone or above low cloud, ware adequately pre-
dicted by the four band overlap model. The
apparent underastimate of cloud tops for some
cases with cirrus above middle clouds is a
limitation of the application of a one-layer
cloud model to multilayer situvations. The dif-
fersnce between the ground radiance, which
appears in Fquation (1}, and the radiance of tha
middle level cloud, which does not, is great
anough so that thin layers of cirrus above mid-
dle level clouds can go undetected. For these
cases, the satellite cloud top is a good esti-
mate of the middle leve) clouds.

In Figure (2), cloud tops for band
8 alone (12,0 um) are compared with aircraft
obsexvations. The clouds ars assumed {0 have
a transmissivity cof 0.0. In Figure (2), when
observed tops are high, the window msasurec ent
aften underestimates them by & substantial
altitude. The four-band estimates of altitude
for cirrus alone or thove low cloud in Fig. 1
are far superior to the corresponding estimates
in Fig. 2 for the window band only. The four-
band estimates of cirrus above middle c¢‘ouds
are also sowewhat improved. Estimates of
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Figure 1. Obseaved cloud tops compared £o tops
estimated by an overlap of four VTPR
bands on NOAA satellites.

altitude for cases with no isolated cirrus are
quite good £or hoth the four-band and the one-
band models. These clouds have tranamigsivities
close to J, The four-band overlap model provider
an estimate of cloud transmissivity as well as
altitude. Estimates of cloud transmissivity can
be summarized as folluws: (a) all astimates of
transmissivicy for 21 "no isolated cirrus® cases
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Figune 3.

i Nl
220 240 260
IR TEMPERATURE (°K)

Simultancous observations of totat
cloud miss by airncradt, and cloud
visible and IR aadiation {rom NOAA
satellite Scamning Radiometers. The
cloud mass 4is the total of both Liquid
and {ce content integrated over alti-
azde ?;? solid curves are solutions
of Eq.

PROBABILITY TOTAL LWC ¥ 1000 GM*®
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Figure 4.
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The probability tiuxt total cloud mass
exceeds 1000 gm based on appl ca-

Lion of a model by Gringonten (1976)

2o the data in Fig. {3},
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Figure 5. Simultaneous observations of total

cloud thickness by aireraft, and cloud
viaible and IR aadiation §rom NOAA
satellite Scanning Radiometens. The
Lives ane Aotxww»u of Eq. (3),

were either 0.1 or 0.0; (b) Estirates for 9
"cirrus" alone or above low <loud” cases ranged
from 0.9 to 0.2 except for one case of 0.0 (which
case was observed to have over three timss as
much cloud mass as any other case); (c) Estimates
for 6 of 9 “"cirrus above middle cloud" cases were
either 0.1 or 0.0, Thewe cases of suspiciously
high transmissivity also underestimated cloud
altitude as discussed earlier,

3.2 Cloud Mass and Thickness from IR
and Visible Measurements

Figure (3) relates total cloud mass,
the integral of cloud mass density over all alti-
tudes, to visible and IR satelli :» measurements
taken by the Scanning Radiometers. The scele of
normalized visible measuremeats ranges from 50 to
254, and is directly proporti -1 to luminance in
foot lamberts (Conlan, 1973). Infrared measure-
mants (IR) are given as degrees Kelvin over a
range of 2C0 to 300. Ths visible, IR, and cloud
mass data are all averaged over a horizontal
scale of about 70x70 km, PFigure 3 demonstratces
that simultaneous measurements were obtained for
a considerable range of both satellite and air-
craft data. The data in Fig. (3) were preserted
earlier by Bunting and Conover (1976 b), the
satellite measuraments have not changed, but esti-
mates of cloud mass have been edited and improved,
and one case has besn added.

The curves or. Figurs (3) are solu-
tions of the ifcllowing equation:

178300 84510

(IR - 125.6) (28.-,1_.5;‘) - 1709 (2)

NG = e

——
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where By is the mean normalized brightness from is scattered out the sides of the clouds and more
2 E the visible measurements, IR is the mean tem- sunlight out the top.
;% . perature observed by satellite in degries
oo Kelvin, and IMC is total ice and water cloul 5. FUTURE WORK
. sass in gn~?. The constants were determirad by
. first linearizing both IR and visible meca.ure- There is room for improvement in
L monts separately with respect to LWC and chen several areas. Pirst of all, wodels for normali-
3 applyirg multiple regression to the linearized zation of reflected sunlight to standard viewing
4 quantities. The standard errcr of estimate for geometry are expect=d to improve in the near
" the 38 cases is 327 gm’z, and the correir-tion future as results become available from the Earth
. coefficient is 0.77. when predictions of total Radiation Budget Experiment on the Nimbus 6
5 % water content are less than zero they are satellite. Second, methods of estimating average
- ) arbitrarily increased to zero. cloud mass density over areas froam aircraft,
L}% radars, and lidars are also expected to undergo
T A probability model by Gringorten gradual improvement. Third, our own data bank
(1976) was applied to the data in Fig. {3}, in is being expanded@ to include cases of heavier
order to establish the probabilities for which weather in convective systems. The highest cases
a ¢hreshold of cloud mass would be exceedad as of cloud mass were 2000 gn‘z. Considerably
: a function of cloud temperature and brightness. higher values for total cloud mass are expected in .
_ rigure (4) has the re,ults for a cloud mass the tropics, or in temperate latitudes in summer. )
* threshold of 1000 gm “. pata published here were reccrded in atratifo.wm
#‘ cloud systems during winter and spring. Pinally, !
N An observation of cloud thickness areas with snow cover may appear sufficiently
i is available for each observation of cloud mass. bright in the visible, and cold in the IR to be i
L:‘ The total cloud thickress is plotted in Pig. (5) misinterpreted sas areas of cloud cover. These
; in relation to cloud temperature and brightness. "false alarms” can be reduced by converting tem-~
2 The total cloud thickness is simply the gum of perature to airtitude ana using a new regression
R geometric thicknesses of all cloud layers. The estimate for LW, Ratios of narrow band msasure-
;‘;, lines in Pig. (5) are solutions of the equation: ments of reflscted sunlight at .76, 1.6, and 2.1
B uUm may not only correct this snow problem for
i A H = -0.1025 IR + 0.0310 By + 25.73 (3) future satallite instruments, but alsc disti..guish
! among ice clouds, water clouds, and snow
‘ where A H is total cloud thickness in km, and IR (Alishouse, 1976). )
: and B, are defined as for equation (2). When IR Sun-syachronous passes by satellites i
. and B, were linearized with respect to A H, the
provide data at a given location only twice per ,
ruul!ing quantities were not significantly bet- day; however, thers is no reason why the techni :
ter predictors of A H; therefore, multiple o ’ eas Y ezhnique i

discussed in this paper could not be spplied to
geostationary satellites thereby permitting
hourly estimates of LWC.

regreasion on the ordinary variables is given
as equation (3). The standard error of estimate
for the 38 cases is 1.6 km, and the correlation

coeificient is 0.86. When predictions of total 6 ACKNOWLZDGMENTS
cloud thickness are less than zero they are ‘
arbitrarily increased to zero. The author is indebted to Mr. John

Conover of the Satellite Meteorology Rranch, AFGL,
for uanalysis of satcllite and aireoraft data and
for many helpful discussions.

The observations of Figures (3) and
(5) clearly confirm a very simple physical
hypothesis: clouds which appear coldest in the
IR and brightest in the visible have the great-
ast total mass and vertical thickness. This & REFERENCES
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and analyzed wir « the infrared (IR) and visible measurements from NOAA
satellites, Radicaces at 12-15 ym measured by Vertical Temperature Profile
Radiometer (VTI'R) instruments are combined with known temperature profiles
in erder to estimate cloud altitude and infrared (IR) transmissivity, Broadband
visible and IR window measurements taken by the Scanning Badiometers on
hoard the same satellites are empirically related to total cloud thickness and
mass.k\\KEYW()RDS: Satellite infrared measuremenis, Satellite visible

measubgments, Cloud mass liquid water content, Cloud altitudes, Hydrometeor
erosion
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